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Abstract The microtubule-associated protein tau is the main 
component of the paired helical filaments (PHFs) of Alzheimer's 
disease, the most common senile dementia. To understand the 
origin of tau's abnormal assembly we have studied the influence 
of other cytosolic components. Here we report that PHF 
assembly is strongly enhanced by RNA. The RNA-induced 
assembly of PHFs is dependent on the formation of intermolec- 
ular disulfide bridges involving Cys 322 in the third repeat of tau, 
and it includes the dimerization of tau as an early intermediate. 
Three-repeat constructs polymerize most efficiently, two repeat 
constructs are the minimum number required for assembly, and 
even all six full-length isoforms of tau can be induced to form 
PHFs by RNA. 
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such factors in the cytoplasm. An initial hint was provided by 
the tubulin molecule, the natural partner of tau. Tubulin as- 
sociates with tau, polymerizes into microtubules, and thus 
prevents tau's interaction with itself. Tubulin's C-terminus, 
to which tau binds [15], is unusually acidic, suggesting that 
tau might respond to other polyanionic molecules. Other 
prominent polyanions in the cytosol are the various RNA 
species. It turns out that these molecules have the capacity 
of promoting PHF assembly. In this respect, they are similar 
to polyanions of the extracellular matrix, such as heparin or 
heparan sulfate, whose effect on PHF assembly has been re- 
ported recently [8,19]. While it is conceptually difficult to im- 
agine how components of the extracellular matrix might inter- 
act with cytosolic proteins, the potential role of cytosolic 
polyanions seems straightforward, making the RNA-PHF 
connection an attractive model for further investigation. 
1. Introduction 
A characteristic feature of brains afflicted with Alzheimer's 
disease is the abnormal deposition of two types of proteins, 
the amyloid peptide AI], and the microtubule-associated pro- 
tein tau. The latter loses its affinity for the natural partner 
(microtubules) and instead self-assembles into PHFs which in 
turn aggregate into neurofibrillary tangles. These filaments 
have the appearance of two intertwined strands of 10-20 
nm diameter, with a repeat distance around 75-80 nm [29]. 
PHF tau is modified in several ways, most noticeably by 
phosphorylation, and it is tempting to speculate that the mod- 
ifications are related to the abnormal aggregation. On the 
other hand, recombinant tau can aggregate ven in an unmod- 
ified form when the ionic strength is increased [5,26]. This 
tendency is particularly pronounced with tau constructs com- 
prising three of the internal repeats (see Table 1). This agrees 
well with the observation that the repeat domain constitutes 
the protease-resistant core of Alzheimer PHFs [30]. One ex- 
planation is that the repeat domain is capable of forming 
dimers which in turn promote PHF assembly. This process 
can be further enhanced by intermolecular disulfide bridges 
involving Cys 322 in the third repeat [22,27]. 
On the other hand, tau constructs containing either an ad- 
ditional repeat (no. 2), the domains flanking the repeats, or 
whole tau isoforms, hardly assemble into PHFs, as if the 
additional domains acted as inhibitors of the aggregation 
[22]. This contrasts with the fact that Alzheimer PHFs contain 
all six tau isoforms of the human CNS [12], suggesting that 
the neuron may contain factors that overcome the assembly 
barrier for full-length tau. We therefore started a search for 
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2. Materials and methods 
2.1. Preparation of recombinant tau protein 
Constructs of the tau protein (see Table 1) were designed and ex- 
pressed in E. coli as described [1]. The numbering of the amino acids 
is that of the isoform htau40 containing 441 residues [9]. The proteins 
were expressed and purified as described elsewhere making use of the 
heat stability and FPLC Mono S (Pharmacia) chromatography [10]. 
The purity of the proteins were analyzed by SDS-PAGE. 
2.2. Assembly of PHF-like filaments from recombinant tau 
Varying concentrations of tau isoforms or tau constructs (typically 
in the range of 40-400 laM) in volumes of 15-500 gl were incubated at 
37°C in 100 mM Tris-HCl, pH 6.8 containing various anionic ofac- 
tors: total RNA from yeast (Boehringer) or bovine liver (Sigma), 
tRNA from bovine liver (Sigma), rRNA from bovine liver (Sigma), 
or heparin (Sigma) were varied between 0.05 and 0.5 mg/ml. Incuba- 
tion times varied between 2 h and up to several days. Assembly reac- 
tions without polyanions were carried out as described in [22]. 
2.3. Electron microscopy 
Protein solutions were placed on 600-mesh carbon-coated copper 
grids and negatively stained with 2% uranyl acetate. The specimen 
were examined in a Philips CM12 electron microscope at 100 kV. 
2.4. Light scattering 
Microtubule assembly was monitored by light scattering in a Kon- 
tron Uvikon 810 spectrophotometer by absorption at 350 nm. 10 ~M 
tubulin dimers (purified as described in [17]) were incubated in 80 mM 
PIPES, 1 mM EGTA, 1 mM MgCI2, 1 mM DTT, 1 mM GTP, pH 6.8 
with or without he addition of 0.2 mg/ml RNA in a 10 mm cuvette. 
Polymerization was started at 37°C by adding a small volume of tau 
to a final concentration f 2 gM. 
3. Results 
3.1. Assembly of PHFs from tau protein is stimulated by RNA, 
a cellular polyanion 
To assess the effect of different polyanions on the assembly 
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F,g. 1. PHFs assembled from 3-repeat construct KI9. (a) 0.2 M Tris-HCl, 0.2 M Na acetate, 2 mM K19, 7 weeks; (b) total RNA (0.5 mg/ml), 
21~0 }aM K19, 14 h; (c) tRNA (0.5 mg/ml), 200 IaM K19, 14 h. 
oJ tau into PHFs, we initially chose constructs consisting es- 
st ntially of the repeats. Construct K12 (= 3 repeats plus a C- 
te ~minal extension, Table 1) was shown earlier to have a high 
tcadency to form PHFs because it readily forms dimers and 
hgher aggregates [26], and it contains only one cysteine 
(( iys 322) which favors the formation of intermolecular disul- 
file bridges [22]. Construct K19 (= 3 repeats only) assembles 
e'. en better (Fig. 1). The assembly can be driven by increasing 
tle buffer concentration (e.g. up to 0.4 M Tris-HC1, pH 6.8, 
0 4 M Na-acetate); the effect becomes particularly evident by 
allowing the buffer to evaporate slowly and thereby increasing 
tie protein and salt concentrations. The filaments have the 
p pical PHFqike appearance, with widths varying between 
1 I and 20 nm, and a cross-over repeat of about 75 nm. 
The fact that tau normally interacts with tubulin's acidic C- 
t, rminal region prompted the question of whether other poly- 
a lions would bind to tau. As tau is a cytoskeletal protein we 
ere particularly interested in cytosolic components. Prime 
c mdidates are ribonucleotides. RNA is abundant in the cyto- 
pasta, about 10 mg/ml. It consists mainly of rRNA (80%), 
t?,NA (18%), mRNA (<2%). Several RNA species (total 
P NA from yeast or bovine liver, rRNA, tRNA) were able 
t ~ promote the assembly of K19 noticeably, reducing the as- 
s,-mbly times from days to hours, and again forming the typ- 
i, al PHF-like structures (Fig. 1). The effects are analogous to 
t lose described for polyanions of the extracellular matrix such 
~ heparin (Fig. 1: see [8,19]). 
develops PHFs when incubated in high salt (0.4 M Tris- 
HCI, pH 6.8, 0.4 M Na-acetate) and at high protein concen- 
tration (about 1 raM) over the course of several days (data 
not shown). By contrast, with tRNA (0.5 mg/ml) one obtains 
filaments rapidly, within hours, (Fig. 2a). The next step was to 
take 3 repeats plus the N-terminal domain (construct K44); 
this also readily forms filaments in the presence of tRNA (Fig. 
2b). Finally the full-length three repeat isoform htau39 was 
tested. In high salt, this isoform is hardly capable of forming 
KI0 ~ tRNA 
K44 ~ tRNA 
: 2. Most tau isoforms or constructs assemble into PHFs in the 
presence of  RNA 
Our next question was which tau isoforms or constructs 
would assemble under the influence of RNA. As noticed ear- 
ler, it is difficult to obtain PHFs from constructs containing 
~omains outside the repeats or the second repeat, at least 
~nder conditions where assembly is driven by high ionic 
s~rength and high protein concentration [5,26]. This would 
,,aggest hat some non-repeat domains of tau prevent PHF 
13rmation. The same tendency is observed here again, but 
low we find that the inhibition can be easily overcome by 
RNA in most cases. Fig. 2 shows examples of PHFs made 
lrom the construct K10 where we have added the entire C- 
terminal tail to the 3-repeat domain. This construct slowly 
ht39 [ I l l l  Irl I tRNA 
Fig. 2. PHFs assembled from constructs containing 3 repeats and 
extensions in the presence of 0.5 mg/ml tRNA. (a) 40 btM K10 (3 
repeats plus C-terminal tail); (b) 40 laM K44 (3 repeats and N-ter- 
minal domain); (c) 40 I, tM htau39 (the second-largest tau isoform). 
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PHFs, but with tRNA one obtains PHFs in hours even at low 
protein concentration (Fig. 2c). Note however that the aggre- 
gation of htau39 is not as fast and efficient as with the 3- 
repeat construct alone (K19), 
In our earlier studies we had found that 4-repeat isoforms 
are inefficient in PHF assembly because the two cysteines can 
form intramolecular disulfide bonds which stabilize the 'com- 
pact' monomer and prevent dimerization. Since dimers are 
building blocks of PHFs, the extra repeat (no. 2) effectively 
Table 1 
Diagrams of tau isoforms and constructs used in this study, and 
their propensity to form PHF-like filaments in standard buffer with 
0.5 mg/ml tRNA 
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acted as a PHF inhibitor [22]. However, this inhibition can be 
overcome by tRNA. The four-repeat domain K11 forms fila- 
ments, part of which have the authentic twisted appearance 
while others are straight (Fig. 3a). If Cys 291 in the second 
repeat is mutated into Ala (leaving only the single Cys 322 in 
the third repeat) the assembly of PHFs becomes highly effi- 
cient again (Fig. 3c,d). Some of these filaments how a super- 
coil of diameter 40-100 nm and pitch 150-200 nm. Extending 
K11 in the N- and C-terminal direction is equivalent to the 
largest au isoform htau40. In this case, even with tRNA it is 
difficult to obtain bona fide PHFs. Instead one observes a 
mixture of polymorphic filaments, including thin straight fila- 
ments, twisted filaments, and 'spiny' filaments with protru- 
sions at ,-, 20 nm intervals (Fig. 3e,f). 
Since repeats were considered important for PHF assembly 
we asked how the removal of repeats would affect the process. 
We made several constructs derived from the isoform htau40 
in which the number of repeats was reduced to 3, 2, 1 or 0. 
The loss of repeats lead to a reduction in PHF assembly, even 
in the presence of tRNA. Constructs with two repeats were 
less efficient while constructs with only one repeat (K13, K14, 
K15) or no repeat (K23) did not form any PHF-like filaments 
(Fig. 4a-c, Table 1). 
3.3. Structure and kinetics of PHF assembly 
Perhaps the most remarkable feature of PHF assembly 
from different au constructs i the similarity in the resulting 
structure. The majority of the fibers have the appearance of
two strands twisted around one another, with widths of 10 20 
nm and cross-over repeats on the order of 75 nm. However, 
there was also a population of filaments with cross-over per- 
iodicity of about 120 nm (100-130 nm). The type and com- 
position of the constructs, or the agent promoting the assem- 
bly, seem to matter only in a second approximation. The 
simplest interpretation is that PHFs are built on a common 
principle. The smallest construct from which we have ob- 
tained PHFs is the construct K19 (3 repeats), and therefore 
it is likely that PHF assembly is based on the interactions 
between at least one (probably several) of the repeats. 
Although the PHF preparations are dominated by twisted 
fibers there is usually a fraction which appear straight, but 
of comparable width (20 nm). Similar straight filaments 
have been observed in other assembly conditions of tau (e.g. 
[6,13,28]), and even in Alzheimer PHFs [4]. We did not ob- 
serve a defined influence of tau domains on the straight or 
twisted fraction of filaments. In this regard our results differ 
somewhat from those reported earlier with heparin. Goedert 
et al. [8] observed only straight filaments with 4-repeat iso- 
forms while we find straight and twisted filaments (Fig. 3d, 
arrow). Perez et al. [19] reported mostly untwisted filaments 
with both 3- and 4-repeat au constructs. Since a straight 
filament may gradually convert into a twisted one, and vice 
versa, it is likely that the two appearances are closely related 
(as noted in [4]). 
As shown before, the rate of PHF assembly is enhanced if
tau monomers are first allowed to form dimers stabilized by 
intermolecular disulfide bonds involving Cys 32~. We therefore 
asked whether disulfide bridge formation has an influence on 
the RNA-induced assembly of PHFs. Indeed, when disulfide 
bridges were prevented by reducing agents (such as DTT), 
fiber formation was strongly reduced. The same effect was 
achieved by mutating Cys into Ala. These observations are 
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tig. 3. PHFs assembled from 4 repeat au constructs or isoforms. KII (400 gM) with (a) 0.5 mg/ml tRNA and (b) 10 gM heparin, or Kll 
n~utant Cys291Ala (400 gM) with (c) 0.5 mg/ml tRNA and (d) 10 gM heparin. (e) 40 laM htau40 (largest tau isoform) with 0.5 mg/ml tRNA or 
(~) 40 p_M htau40 with 10 gM heparin. Note that full-length tau assembles much less readily than the repeat domain, and that the filaments 
slow more polymorphism. 
ia agreement with the assembly model proposed earlier based 
~n disulfide-crosslinked tau dimers [22]. On the other hand, 
ll is model also postulated that only constructs with one cys- 
Ifine would form dimers (and thus PHFs), while others with 
l~:o cysteines (Cys 291 and Cys a22 in repeats 2 and 3) would 
1 ~rm intramolecular disulfide bridges, leading to a 'compact' 
1 ~rmation of tau which would not contribute to PHF assem- 
lly. The present data show that even 4-repeat tau (with 2 cys- 
~zines) can assemble into PHFs in the presence of RNA, albeit 
~,lith low efficiency (Fig. 3). The simplest explanation is that 
I{NA prevents the compact conformation leading to intramo- 
I ~cular bonds, at least for part of the molecules, o that inter- 
~aolecular dimerization is possible. Consistent with this inter- 
pretation, the mutant Cys291Ala shows abundant PHF 
ssembly since the lone Cys 322 can only enter intermolecular 
,lisulfide bonds (Fig. 3c,d). 
The role of RNA as a 'scavenger' of tau can be demon- 
~trated most directly by a microtubule assembly assay. In the 
, xperiment of Fig. 6 (upper curve), microtubule assembly was 
~nonitored by light scattering. The concentration of tubulin 
410 gM) was chosen such that it would not self-assemble 
!rot required tau for nucleation and stabilization. However, 
when RNA was added as well, tau was competed away so 
that microtubule assembly was inhibited (lower curve). 
4. Discussion 
Formally speaking, the assembly of tau and tubulin can be 
described in complementary terms: Tubulin (a polyanion) 
self-assembles with the help of a polycation (tau), and tau 
(a polycation) self-assembles with the help of a polyanion 
(tubulin). The complete microtubule can be described as a 
heteropolymer: a core filament (poly-tubulin) and an outer 
coat (poly-tau). In this system, the interaction between tubulin 
molecules determines the appearance of the structure, while 
tau seems to be restricted to a helper function. But in principle 
one could also conceive the reverse situation - a polymeric 
structure determined by tau, with a tubulin-like molecule in a 
helper function. This function can be fulflled by RNA. In- 
deed, both tubulin and RNA compete for the pool of tau in 
the cell [3] and in vitro (Fig. 5). We know very little about the 
structural requirements of the tubulin-tau interaction, but it is 
possible that the tau-tau interaction, or the tau conformation, 
on the surface of a microtubule resembles that in a tau poly- 
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Fig. 4. Assembly experiments of tau constructs with two repeats un- 
der the influence of tRNA. (a) K29 600 gM (repeats 1,2), (b) K6 
200 gM (repeat 3,4), (c) K5 400 laM (repeats 1,3). Removal of the 
repeats decreases tau's tendency to form PHFs. 
mer, i.e. in the PHF. This would help to explain why tau self- 
assembles once the underlying tubulin core is lost (as in Alz- 
heimer's disease). 
The analogy can be carried one step further: The self-as- 
sembly of tubulin can be induced by other polycations, such 
as DEAE dextran [7], and the self-assembly of tau can be 
induced by other polyanions uch as RNA or heparin. The 
case of tubulin is instructive because Erickson and Voter [7] 
showed that the assembly of tubulin by DEAE-dextran could 
be likened to complex coacervation of polyelectrolytes, such 
that the effective concentration of the anionic protein (tubu- 
lin) is increased on the surface of the polycation so that the 
nucleation barrier is overcome. A similar situation might ap- 
ply for the assembly of tau; this would be compatible with the 
different potencies of polyanions to induce PHFs (compare 
tRNA, total RNA, heparin, etc.). Independently of this gen- 
eral function of RNA there is the possibility that tau interacts 
specifically with a particular RNA structure. For example, tau 
mRNA is transported to the axon hillock in a complex with 
ribosomes, adaptor and motor proteins o that there is a high 
local synthesis of tau protein which is destined for slow trans- 
port down the axon [21]. The elevated local concentration of 
RNA and tau protein in the proximal axon could initiate local 
PHF assembly which would interfere with the axonal trans- 
port. This would be compatible with the 'dying back' of axons 
observed in Alzheimer's disease [2]. 
The comparison of different au domains hows that RNA- 
induced assembly of PHFs works best with the 3-repeat con- 
struct K19, while adding domains outside the repeats or the 
repeat no. 2 have an inhibitory effect which must be counter- 
acted by higher protein concentration and longer incubation 
times. The data can be summarized by the model of Fig. 6 
which is an extension of the dimerization model proposed 
earlier. The domain consisting of repeats 1, 3, and 4 dimerize 
most easily on account of the single Cys 322 in repeat no. 3 
which can enter intermolecular disulfide bonds. The resulting 
antiparallel dimers have a high tendency to interact with 
others to form PHFs, and the process can be inhibited by 
reducing agents such as DTT. The repeat no. 2 is inhibitory 
because its extra Cys 291 can form an intramolecular disulfide 
bond, making the molecule compact (as judged from its mi- 
gration on native gels [22]) and unable to dimerize. In prac- 
tice, whether or not a disulfide bond is intra- or intermolecu- 
lar will depend on the protein concentration, the molecular 
collision frequencies, the rate of oxidation and other param- 
eters. This would explain why even 4 repeat domains can 
form dimers at higher concentrations, albeit less readily. 
The inhibitory effect of the N- and C-terminal tails could be 
explained by their conformation. Both tails are acidic and 
therefore could fold back onto the repeat domain. Such an 
interaction would be consistent with the flexible nature of the 
polypeptide chain [23], with the reactivity of certain antibodies 
[14], and with electron microscopic or fluorescence nergy 
transfer experiments [22,26]. In the model we assume that 
the folded-back tails somehow protect the repeat domain, 
making it unavailable for dimerization and PHF assembly. 
However, the folded state can be 'forced open' by polyanions 
such as RNA. If this happens, dimerization is possible again, 
and once the dimers are stabilized by intermolecular disulfide 
bonds they can be stably incorporated into PHFs. This would 
explain why larger tau constructs assemble less efficiently in 
the absence of polyanions, and that their assembly is pre- 
vented by DTT, pointing to the role of disulfides. In this 
model, the 'open' conformation of tau can interact with other 
tau molecules. In addition, it is possible that the same con- 
formation is also the one that interacts with different poly- 
anions, particularly microtubules. Thus, the open conforma- 
tion could be viewed as the physiologically active one, while 
the folded conformation would represent an inactive storage 
form. 
Alzheimer tau differs from normal tau not only in terms of 
aggregation, but also by an abnormally high degree of phos- 
phorylation (for review, see [16]). It is attractive to speculate 
that a high degree of phosphorylation predisposes tau for 
aggregation i to PHFs. However, the evidence thus far does 
not support this, since PHF-like fibers can be formed from 
unphosphorylated recombinant tau, at least in vitro. Phos- 
phorylation, particularly of the repeat domain, clearly has a 
role in regulating tau-microtubule interactions [11]. Whether 
or not phosphorylation has an additional effect on tau-tau 
interactions remains to be determined. 
0,15 
0,1 
o-) 
0,05 
0 
0 5 10 15 20 
t ime / rain 
Fig. 5. Assembly of microtubules (10 ~tM) in the presence of htau40 
(2 gM), without or with 0.2 mg/ml total RNA. Note the inhibition 
of microtubule assembly by RNA which competes with tubulin for 
tau protein. 
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tig. 6. Model of the influence of RNA or other anions on the as- 
s~.mbly of PHFs from tau protein. To form PHFs, tau molecules in- 
iltally dimerize with their repeat domains [26]. The regions of tau 
fl raking the repeats on either side (particularly the acidic N-terminal 
ld C-terminal tails) are normally folded over the repeats, thus pre- 
rating dimerization and subsequent PHF assembly. Polyanions 
c~unteract the folded conformation, opening the repeats up to di- 
~v~erization a d PHF assembly. 
The emphasis in our discussion has been on cytosolic fac- 
tors that might affect the aggregation of the cytosolic tau 
t,rotein. However, tau is not exclusively cytosolic: Binder 
~nd colleagues howed that mRNA transcripts and tau iso- 
l )rms occur in the nucleus, and particularly in nucleoli 
[ ~,4,25]. The role of nuclear tau is not clear, but it does not 
I ruction as a MAP because there are no nuclear microtubules. 
Is is interesting to note that nuclear tau localizes to regions 
~ich in RNA (mostly rRNA and tRNA). Given the results 
~escribed above one could speculate that nuclear tau and 
RNA contribute to, or maybe even initiate abnormal assem- 
t~ly of PHFs in Alzheimer neurons. We also found that certain 
',~u constructs can translocate into nucleoli after microinjec- 
~on or transfection of cells [20]. This is particularly apparent 
~or highly basic tau constructs which lack the more acidic N- 
,nd C-terminal tails. Since proteolysis of tau is thought to 
l~lay a role in the initial stages of PHF assembly [18], one 
• cenario is that truncated tau species migrate from the cytosol 
~ the nucleoli where they aggregate under the influence of 
~NA.  
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